Introduction
The plasma membrane includes structurally diverse lipids and proteins that are spatially distributed in a heterogenous manner to form dynamic nanoscale assemblies (Hancock, 2006; Lingwood and Simons, 2010 ) that appear to be poised to cluster (Lingwood et al., 2008) . Dynamic changes in the spatial organization of these domains may critically alter cell-cell signaling (Lajoie et al., 2009 ).
Cell-cell signaling mediated by Notch receptors regulates a wide range of developmental processes, and perturbations of Notch signaling activity underlie various human diseases. The molecular mechanism of Notch signaling is remarkably simple. Notch is a transmembrane protein with an intracellular domain corresponding to a transcriptional coactivator and with an extracellular ligand-binding domain. After interaction of Notch with its extracellular ligands, intramembrane proteolytic cleavage of Notch results in the release of the intracellular domain from the membrane and transcriptional activation of Notch target genes. Activation of Notch is thus irreversible, and a plethora of posttranslational regulatory mechanisms control this irreversible step (for reviews see Bray, 2006; Fortini, 2009; Kopan and Ilagan, 2009; Tien et al., 2009) . One key mechanism involves ubiquitination of the Notch ligands. In Drosophila melanogaster, Notch is activated in trans by the transmembrane proteins Delta (Dl) and Serrate (Ser). Genetic studies have indicated that ubiquitination of Dl and Ser by E3 ubiquitin ligases of the Mindbomb (Mib1) and/or Neuralized (Neur) is essential for Notch receptor activation in signal-receiving cells (for review see Le Borgne et al., 2005a) . Mib1 is a conserved RING finger E3 ubiquitin ligase required for the internalization and/or endosomal sorting of Notch ligands (Itoh et al., 2003; Lai et al., 2005; Le Borgne et al., 2005b) . Transfection studies have indicated that Mib1 directly interacts with and ubiquitinates the intracellular tails of Dl and Ser (Itoh et al., 2003; Chen and Casey Corliss, 2004; Lai et al., 2005; Le Borgne et al., 2005b) . Although the importance of ligand endocytosis for Notch activation is well E ndocytosis of the transmembrane ligands Delta (Dl) and Serrate (Ser) is required for the proper activation of Notch receptors. The E3 ubiquitin ligases Mindbomb1 (Mib1) and Neuralized (Neur) regulate the ubiquitination of Dl and Ser and thereby promote both ligand endocytosis and Notch receptor activation. In this study, we identify the 1,4-N-acetylgalactosaminyltransferase-1 (4GT1) gene as a gain of function suppressor of Mib1 inhibition. Expression of 4GT1 suppressed the signaling and endocytosis defects of Dl and Ser resulting from the inhibition of mib1 and/or neur activity. Genetic and biochemical evidence indicate that 4GT1 plays a regulatory but nonessential function in Notch signaling via the synthesis of a specific glycosphingolipid (GSL), N5, produced by 4GT1. Furthermore, we show that the extracellular domain of Ser interacts with GSLs in vitro via a conserved GSL-binding motif, raising the possibility that direct GSL-protein interactions modulate the endocytosis of Notch ligands. Together, our data indicate that specific GSLs modulate the signaling activity of Notch ligands.
Notch ligand activity is modulated by glycosphingolipid membrane composition in Drosophila melanogaster
A genetic screen for gain of function suppressors of the wing phenotype induced by Mib1
C1205S was performed using a collection of 4,000 Gene Search fly lines (unpublished data), each carrying a single, randomly inserted P-element with upstream activating sequences (UASs) at both ends (Toba et al., 1999) . In this screen, UAS sequences were used to activate the transcription of endogenous genes located next to the Gene Search element using a Ser-GAL4 driver. This screen identified the GS2078 element as a strong suppressor of the wing phenotypes associated with Mib1 C1205S expression (Fig. 1, D and D) . RNAi-mediated knockdown of mib1 activity in wing imaginal discs using Ser-GAL4 produces a wing phenotype similar in strength to the one seen with Mib1 C1205S (Fig. 1 , E and E). The GS2078 element efficiently suppressed this partial loss of mib1 function phenotype (Fig. 1, . It also reduced the penetrance of a wing nick phenotype seen in an hypomorphic heteroallelic combination of mib1 mutant alleles (Fig. 2 , H and I). However, it did not suppress the mib1-null mutant phenotype (Fig. 2 , J-L). These genetic data indicate that the GS2078 element acts as a dominant suppressor of mib1.
The 4GT1 gene is a gain of function suppressor of mib1
The GS2078 element is inserted 5 to the CG3542 and 1,4-Nacetylgalactosyltransferase 1 (4GT1) genes (Fig. 2 A) and may therefore direct the overexpression of both genes. However, several lines of evidence demonstrate that overexpression of 4GT1 is responsible for the effect of GS2078. First, the EP797 element that directs the expression of the 4GT1 gene (Protzer et al., 2009 ) suppressed the Mib1 C1205S -induced wing phenotypes (unpublished data). Second, overexpression of 4GT1 using a UAS-cDNA construct also suppressed the Mib1 C1205S -induced defects (Fig. 2 C) . Third, RNAi-mediated inactivation of the 4GT1 gene blocked suppression by GS2078 (Fig. 2 , E and F), indicating that overexpression of endogenous 4GT1 is required to suppress the Mib1 C1205S -induced wing phenotypes.
established, important questions remain. Indeed, it is not clear how ligand ubiquitination and endocytosis control receptor activation (D'Souza et al., 2008) . Also, the steps at which Mib1 act during Notch ligand endocytosis and the factors, proteins, and lipids that contribute to this activity of Mib1 are largely not known. In this study, we identify and characterize the 1,4-N-acetylgalactosaminyltransferase1 (4GT1) gene as a gain of function suppressor of mib1 in Drosophila. Our genetic and biochemical analysis of 4GT1 function indicates that specific changes in glycosphingolipid (GSL) composition can rescue the defects in Dl and Ser trafficking and signaling seen upon inhibition of mib1 activity, thereby establishing a new functional link between GSLs and Notch signaling.
Results

Genetic identification of a dominant suppressor of mib1
To gain novel insights into the role and regulation of Notch ligand trafficking, we performed a genetic modifier screen for gain of function suppressors of a dominant-negative form of Mib1 (unpublished data). This mutant form of Mib1, Mib1 C1205S , was engineered by mutating a highly conserved amino acid of the catalytic C-terminal ring finger shown to disrupt Mib function in zebrafish (Itoh et al., 2003; Bardin and Schweisguth, 2006; Zhang et al., 2007) . Conditional overexpression of Mib1 C1205S in wing imaginal discs inhibited Notch signaling as revealed by the loss of Cut and Wingless expression at the wing margin (Fig. 1 , A and C; and not depicted) and by the nicks seen in adult fly wings (Fig. 1, A and C). These phenotypes are similar to, albeit less severe than, the mib1 mutant phenotypes (Fig. 1, B and B). These phenotypes were suppressed by the expression of wild-type Mib1 (unpublished data), indicating that Mib1 C1205S interferes in a dominant-negative manner with the activity of endogenous Mib1. (A-F') Genetic interactions between mib1 and GS2078 were studied in third instar wing imaginal discs (A, B, C, D, E, and F) and in adult wings (A', B', C', D', E', and F'). (A) The pattern of Ser-Gal4 expression was visualized using nlsGFP (green), and wing margin cells were identified using Cut (red RNAi GS2078/GS2078 flies (Ser > mib1 RNAi + GS2078). Cut expression at the wing margin and tissue growth were largely restored. Bar, 10 µm. Mib1 inhibition rescued by specific GSLs • Hamel et al.
Because the Drosophila genome encodes a second 4GT gene, 4GT2 (Chen et al., 2007) , which also behaved as a gain of function suppressor of Mib1 C1205S (Fig. 2 D) , we tested whether 4GT2 acts redundantly with 4GT1. We identified an 4GT2 mutant allele, 4GT2 1 , with a roo{}1,422 element disrupting the 4GT2 open reading frame (see Materials and methods; Fig. 2 B) , generated 4GT1 4GT2 double-mutant flies, and found that these flies are phenotypically normal (Fig. 2 G) . We conclude that the activities of the 4GT1 and 4GT2 genes are not strictly required for Notch signaling. Additionally, overexpression of 4GT1 did not result in morphogically visible phenotypes (see Fig. 6 C and not depicted). Thus, 4GT1 and possibly 4GT2 play a nonessential modulatory role in Notch signaling.
4GT1 overexpression suppressed mib1-dependent localization defects of Dl and Ser
To gain insight into the role of 4GT1 in mib1-dependent signaling, we first investigated whether Mib1 C1205S perturbed the distribution of Dl and Ser in wing disc epithelial cells. In wild-type cells, Dl and Ser were detected into intracellular dots corresponding to endocytic vesicles and at the cortex where they colocalized with Patj, Crumbs, and E-cadherin (E-Cad; Therefore, we conclude that 4GT1 overexpression is sufficient to suppress the Mib1 C1205S -induced defects and necessary for their suppression by GS2078. Together, our data identify the 4GT1 gene as a gain of function suppressor of mib1.
4GT1 is a nonessential Notch enhancer gene
The 4GT1 gene encodes a ubiquituously expressed enzyme predicted to regulate GSL biosynthesis (Chen et al., 2007; Protzer et al., 2009) . To investigate the role of the 4GT1 gene in Notch signaling, we generated two molecularly null mutant alleles: the 4GT1 1 allele deletes the first 286 amino acids of the 4GT1 protein, and the 4GT1 2 allele carries a nonsense mutation at K131. We also generated a small molecularly mapped deletion, Df(2L)7819, that removes the 4GT1 gene together with four additional predicted genes (Fig. 2 A) . Flies transheterozygous for 4GT1 1 , 4GT1
2
, and/or Df(2L)7819 are viable and fertile, indicating that the 4GT1 is a nonessential gene (Protzer et al., 2009; unpublished data) . However, a complete loss of 4GT1 activity significantly enhanced the haploinsufficient Notch mutant wing phenotype in both severity and penetrance (Fig. 2, M and N) . This indicates that 4GT1 plays a positive role in Notch signaling that can only be seen upon reduced Notch receptor activation. C1205S wing phenotype (E) is stronger than the one shown in Fig. 1 C'. This is because the x-linked mib1 C1205S transgene is expressed at higher levels in males (E and F) than in females ( Fig. 1 C' ). ( Fig. 6, I and K), the inhibition of Neur by Tom (Fig. 6 , E and G; Bardin and Schweisguth, 2006) , and the inhibition of Neur by dominant-negative Neur C701S (the C701S mutation of Neur affects the same conserved amino acid of the RING finger as the C1205S mutation of Mib1; not depicted). Therefore, we conclude that 4GT1 can positively regulate both Neur-and Mib1-dependent signaling events. We then monitored the endocytosis of Dl in sensory organ precursor (SOP) cells using an antibody uptake assay. Expression of 4GT1 restored the endocytosis of Dl in SOPs in all experimental conditions of reduced and/or inhibited Neur activity (Fig. 6 , E-L; and not depicted). However, the loss of 4GT1 and 4GT2 activities had no detectable effect on the endocytosis of Dl in SOPs (unpublished data). The positive effect of 4GT1 expression on endocytosis may be cargo dependent because no major change in FM4-64 uptake was seen in cells overexpressing 4GT1 (unpublished data).
4GT1 regulates GSL biosynthesis
4GT1 has been shown to catalyze the in vitro addition of an N-acetylgalactosamine (GalNAc) from a UDP-GalNAc donor to an -GalNAc acceptor through an 1,4 linkage. In particular, 4GT1 efficiently transfered GalNAc to one of the major Drosophila GSLs, N4 or GalNAc-1-4-N-acetylglucosamine(GlcNAc)-1-3Man1-4Glc1-1-ceramide (Cer; Fig. 7 A; Chen et al., 2007; Stolz et al., 2008) . GSLs are key components of the outer leaflet of the plasma membrane that have been proposed to regulate the formation of raftlike assemblies (Degroote et al., 2004; Sillence, 2007) . GSLs are synthesized in the Golgi apparatus by Golgi-localized glycosyltransferases. In Drosophila, GSLs consist primarily of a Glc1-Cer core (GlcCer or N1) that can be elongated by the Egghead (Egh) GDP-mannose/Glc 1,4-mannosyltransferase to form Man1-4Glc1-Cer (N2; Wandall et al., 2003) and by the Brainiac (Brn) UDP-GlcNAc/Man 1,3-GlcNAc transferase that adds GlcNAc to form GlcNAc-1-3Man1-4Glc1-Cer (N3; Fig. 7 A; Müller et al., 2002; Wandall et al., 2005) . The latter can be further extended by a 1,4-N-acetylgalactosyltransferase, 4-GalNAc-TA or 4-GalNAc-TB, to form N4, the predicted 4GT1 substrate (Haines and Irvine, 2005; Chen et al., 2007; Stolz et al., 2008) .
To test whether 4GT1 acts in vivo as an N-acetylgalactosamine transferase for GSLs, we first examined the effect of both loss and gain of 4GT1 activity on the levels of terminal GalNAc at the surface of imaginal cells using the Helix pomatia agglutinin (HPA) lectin. This lectin selectively recognizes terminal -GalNAc, present in N5, from other hexosyl, including the -GalNAc of N4 (Sanchez et al., 2006; Iskratsch et al., 2009) . We find that HPA cell surface staining was strongly reduced in clones of 4GT1 mutant cells, demonstrating that 4GT1 is active in imaginal cells (Fig. 7, B and B) . Conversely, overexpression of 4GT1 in clones of imaginal cells resulted in strong HPA cell surface binding (Fig. 7 , C and C), suggesting that 4GT1 is a limiting enzyme in this tissue. These data indicate that 4GT1 catalyzes the addition of GalNAc to a detergent-sensitive substrate present at the cell surface.
Next, we biochemically characterized the role of 4GT1 in GSL biosynthesis by studying the chromatographic mobility Fig. S2 ; Sasaki et al., 2007) apical to Discs large (Dlg; Fig. 3 
, G-G). Expression of Mib1
C1205S resulted in the accumulation of Dl and Ser in large apical dots (Fig. 3 , C-D and H-H; and Figs. S1 and S2), whereas localization of Patj, Crumbs, and E-Cad were unchanged (Fig. S1 ). Cell surface staining experiments using antibodies directed against the extracellular domains of Dl and Ser indicated that Dl and Ser accumulated at the apical plasma membrane in Mib1 C1205S -expressing cells (Fig. S3 ). Dl and Ser colocalized with a YFP-tagged version of Mib1 C1205S (Fig. 3,  H-H ). This accumulation of Mib1 C1205S into dots did not depend on Dl and Ser (Fig. S2) . Of note, these defects in Dl and Ser distribution differ from those seen in mib1 mutant cells. Ser accumulated uniformly at the apical membrane in the absence of Mib1, whereas Dl localization remains unaffected ( Fig. S2 ; Itoh et al., 2003; Lai et al., 2005; Le Borgne et al., 2005b We then tested whether 4GT1 overexpression suppressed the defects in Dl and Ser accumulation induced by Mib1 C1205S . The localization of Dl and Ser in cells expressing both dominantnegative Mib1 and 4GT1 was very similar to the one observed in wild-type cells (Fig. 3 , E-F and I-I; Figs. S2 and S3). Thus, 4GT1 suppressed the defects resulting from dominantnegative Mib1.
A similar suppression was observed in a context of partial loss of endogenous mib1 activity. Cells with reduced mib1 activity exhibited increased levels of Ser at the apical membrane (Fig. 4, A-D) . This defect was suppressed by expression of 4GT1 (Fig. 4, E-F) . We conclude that expression of 4GT1 rescued defects in Dl and Ser distribution caused by either dominant-negative Mib1 or reduced Mib1 activity.
4GT1 overexpression restored endocytosis of Dl
We then investigated the basis of this suppression by 4GT1. We hypothesized that inhibition of Mib1 activity resulted in endocytosis defects and that 4GT1 expression restored the endocytosis of the Notch ligands. The endocytosis of Dl was monitored in wing imaginal discs using an antibody uptake assay. In wildtype discs, internalized Dl (iDl) was detected in all cells expressing Dl (Fig. 5, A-B) . Expression of Mib1 C1205S in dorsal cells using Ser-GAL4 strongly inhibited Dl endocytosis (Fig. 5 , C-D), and overexpression of 4GT1 in these cells restored endocytosis of Dl (Fig. 5, E-F) .
We further investigated the role of 4GT1 in regulating the Neur-dependent endocytosis of Dl in the pupal thorax (Le Borgne and Schweisguth, 2003) . First, we found that the GS2078 element also suppressed the bristle phenotype that resulted from a partial loss of neur activity by RNAi di-, tri-, tetra-, and pentahexoside and referred to as N1, N2, N3, N4, and N5, respectively, based on their mobility relative to standard GSLs. Extracts prepared from 4GT1 4GT2 double mutants exhibited an accumulation of N4 and a loss of N5, of GSLs extracted from wild-type and mutant larvae. As described previously Chen et al., 2007; Stolz et al., 2008) , five main GSL species were consistently detected (Fig. 7 D) . These species were identified as Cer mono-, C1205S (E-F'') or YFPmib1 C1205S (I-I''') did not significantly change the distribution of Dl (F' and I') and Ser (F'') compared with wild-type controls. Bars, 10 µm.
GSL modification by 4GT1 is required to rescue mib1 defects
The aforementioned data raise the possibility that loss of N4 and/or accumulation of N5 rescue inhibition of Dl and Ser endocytosis caused by dominant-negative versions or RNAi-mediated down-regulation of mib1 and neur. To test whether GSL modification is necessary for this activity of 4GT1, we examined whether the suppression of Mib1 inhibition by 4GT1 required the presence of GSLs produced by Egh and Brn. We found that overexpression of 4GT1 did not suppress the mib1 RNAimediated wing margin phenotypes in the absence of egh activity and that suppression by 4GT1 was significantly reduced in brn indicating that 4GT1 and/or 4GT2 is required in vivo to synthesize N5 from N4 as previously proposed Chen et al., 2007; Stolz et al., 2008) . Conversely, overexpression of 4GT1 resulted in a loss of N4 and an accumulation of N5 (Fig. 7 D) , further indicating that 4GT1 is a limiting enzyme. As previously reported, N1 and N2 accumulated in egh and brn mutants, respectively, whereas N4 and N5 were not detected. Overexpression of 4GT1 in egh and brn mutant larvae did not significantly change the composition in GSLs of these mutants (Fig. 7 D) , which is consistent with Egh and Brn being required to produce the N4 substrate of 4GT1. Together, these data indicate that 4GT1 modifies N4 to form N5. RNAi defects in Ser accumulation (F; fluorescence signal intensity = 3.4 ± 0.5; n = 3) and restored wing margin formation and pouch growth (E). Our quantification clearly indicates that the level of apical Ser was increased upon reduction of Mib1 activity in mib1 RNAi cells and that expression of 4GT1 counteracts this effect. Bars, 10 µm. Mib1 inhibition rescued by specific GSLs • Hamel et al.
A conserved GSL-binding motif (GBM) in
Dl and Ser
The aforementioned data raise the possibility that N5 positively regulates the endocytosis of Notch ligands, at least when the function of Mib1 is compromised. Various mechanisms, direct and indirect, could potentially underlie this positive regulation, including mechanisms involving a direct interaction between GSLs and the Notch ligands. As a first step to test this hypothesis, we searched for potential GBMs in the extracellular domain of Dl and Ser using an in silico approach (Mahfoud et al., 2002; Fantini et al., 2006) . A putative GBM was predicted in the N2 domain of DI and Ser (Fig. 8 A) . This predicted GBM contains a conserved Trp residue flanked by turn-inducing and polar amino acid residues, suggesting that it could belong to a mutant discs (Fig. 7, E-M) . These data support the notion that modification of N4 by 4GT1 is required to rescue a partial loss of mib1 activity. Loss of N4 is not sufficient per se to rescue inhibition of Mib1 because the mib1 RNAi-mediated wing margin phenotype is not suppressed in egh and brn mutants that do not accumulate N4 (Fig. 7 D) . Alternatively, accumulation of N5 may compensate for a partial loss of Mib1 activity. Consistent with this interpretation, a Gene Search line inserted 2.5 kb 5 to the 4-GalNAc-TA gene was also isolated as a dominant suppressor in our genetic screen, raising the possibility that increased N4 and/or N5 levels as a result of 4-GalNAc-TA overexpression also suppressed the Mib1 C1205S -induced defects. Whether accumulation of N5 is actually sufficient to rescue inhibition of Mib1 remains to be tested. In wildtype discs, iDl was detected in subapical sections (B') in both dorsal and ventral cells that express Dl (Fig. 3 A) .
(C-D') Expression of Mib1
C1205S in dorsal cells using Ser-GAL4 inhibited the endocytosis of Dl (D'). In these cells, dots of Dl were only detected in apical sections (D). This staining is very similar to the one seen in cell surface staining experiments (Fig. S3) , indicating that Mib1 C1205S inhibits the internalization of Dl. iDl was only seen in the ventral cells (D') that express Mib1 C1205S later and at a lower level (Fig. 1 A) . (E-F') Expression of 4GT1 restored the endocytosis of Dl. (F') iDl was detected in both ventral and dorsal cells. with control phosphatidylethanolamine or a neutral lipid fraction prepared from egh mutant larvae (Fig. 8, C and D) . In contrast, Ser[1-288] interacted more strongly with GSLs prepared from wild-type larvae than Ser WA (Fig. 8, C and D) . We conclude that the N-terminal part of Ser interacts with GSLs and that this interaction depends on the W180 of the GBM.
To test the potential role of the N4 and N5 GSLs in this interaction, we studied the interaction of Ser and Ser WA with GSLs prepared either from 4GT1 4GT2 double mutants, which are high in N4 but low in N5, or from larvae overexpressing 4GT1, which are low in N4 but high in N5. A stronger and specific interaction was upon increased N5 (and decreased N4) levels (Fig. 8 D, compare overexpression of 4GT1 with wild type), whereas depletion in N5 (and accumulation of N4) had no effect (Fig. 8 D, compare 4GT1 4GT2 with wild type). We conclude that Ser interacts with GSLs via a conserved GBM and that this interaction is sensitive to the levels of N5 and/or N4. These in vitro data suggest that differences in N4 and/or N5 levels within the plasma membrane modulate the endocytosis of Dl and Ser via direct GSL-protein interaction.
Discussion
In this study, we identify 4GT1 as a positive, nonessential regulator of Notch signaling in Drosophila. Expression of 4GT1 suppressed the phenotypes associated with the inhibition or a solvent-exposed hairpin structure and, therefore, interact with the sugar head group via a CH-Pi stacking mechanism (Maresca et al., 2008) . These structural features are typical of functional GBMs (Hebbar et al., 2008) and are conserved in vertebrate homologues of Dl and Ser (Fig. 8 A) .
To test whether these predicted GBMs interact with GSLs, we first used the Langmuir film balance technique with synthetic peptides and GSLs purified from wild-type larvae. In these experiments, a lipid fraction enriched in GSLs was spread at the air-water interface where they readily formed a stable monolayer mimicking the extracellular leaflet of the plasma membrane. Under these conditions, an increase in the surface pressure of the monolayer upon injection of the peptide in the aqueous phase is indicative of insertion of the peptide in the glycolipid monolayer (Mahfoud et al., 2002; Fantini et al., 2006) . Upon addition of the Ser and Dl GBM peptides, the surface pressure increased to reach a plateau value of 10.8 and 4.4 mN/m, respectively (Fig. 8 B) . Replacing the Trp residue by Ala in both peptides abolished interaction, indicating that the Trp residue is essential for the interaction between GSLs and GBM peptides.
We next tested whether the N-terminal part of Ser, Ser , which includes the N1, N2, and DSL domains, interacts with GSLs in a GBM-dependent manner. Secreted wild-type and GBM mutant versions of Ser, Ser 
-L'). (A-D') Expression of 4GT1 did not detectably affect the endocytosis of Dl in SOPs (D and D') and did not significantly change bristle density (C). (E-H') Inhibition of Neur by Tom blocked Dl endocyosis (F and F') and resulted in a very strong neurogenic phenotype (E) with too many SOPs being specified (F). Expression of 4GT1 restored both Dl endocytosis (H and H') and proper SOP specification (G and H). (I-J') RNAi-mediated down-regulation of neur strongly inhibited
Dl endocyosis (J and J') and resulted in a strong neurogenic phenotype (I) with an excess of SOPs (J'). Expression of 4GT1 restored both Dl endocytosis (H and H') and suppressed the neur RNAi bristle phenotype (G and H). Bar, 10 µm. RNAi + 4GT1 (M) wing discs. Zygotic loss of egh and/or brn did not significantly alter the expression of Cut at the wing margin (E, H, and K) and did not enhance the Ser > mib1
RNAi phenotype (F, I, and L). In the absence of egh activity, 4GT1 expression failed to restore wing margin specification (J) as it did in wild-type discs (G). (M) Suppression by 4GT1 was strongly reduced in brn mutant discs. The partial suppression seen in brn mutants may result from maternally provided brn gene products. Alternatively, egh may have a brn-independent function in this tissue. Bars, 10 µm.
2004; Singh et al., 2007) . In Drosophila, genetic analyses have indicated that the activities of Egh and Brn are required for both epithelium integrity and planar transport of an EGFR ligand (Goode et al., 1996; Wandall et al., 2003; Pizette et al., 2009 ). The egh and brn genes have also been suggested to regulate neurogenesis in the early embryo (Goode et al., 1996) . However, our analysis of the brn mutant phenotypes indicated that this developmental defect does not result from defective Notch signaling (unpublished data). The Caenorhabditis elegans homologues of egh and brn, bre-4, and bre-5 act as suppressors of a gain of function allele of the Notch family receptor gene lin-12 genes (Griffitts et al., 2005; Katic et al., 2005) . Although the molecular basis underlying these genetic interactions is not known, bre-5 was shown to act in a non-cell-autonomous manner, raising the possibility that GSLs modulate the signaling activity of the Lin-12 ligands. Although the bre-4 and bre-5 genes play a positive role in Lin-12 signaling in C. elegans, these two genes are not essential in C. elegans (Griffitts et al., 2005; Katic et al., 2005) . This situation is very reminiscent of the nonessential modulatory role of Drosophila 4GT1 uncovered in this study. Thus, GSLs appear to play a conserved modulatory role in Notch signaling. Of note, a nonessential role has also been proposed for phospholipids: mutations in the Drosophila phosphocholine cytidylyltransferase 1 gene reduced phosphatidylcholine and increased phosphatidylinositol levels at the plasma membranes and enhanced Notch hypomorphic phenotypes (Weber et al., 2003) .
What is the role of GSLs in Notch signaling? Our biochemical and genetic interaction experiments indicate that high N5 levels can compensate for reduced levels of Neur and/or partial loss of neur and/or mib1 activities in at least two developmental contexts. Conversely, the loss of 4GT1 function enhanced a partial loss of Notch activity. Although the complete loss of 4GT1 activity has no detectable phenotypic consequences, these genetic interactions indicate that 4GT1 plays a positive role in Notch signaling in Drosophila.
Several lines of evidence indicate that this function of 4GT1 involves a specific modification of GSLs. First, HPA lectin staining experiments showed that 4GT1 is both necessary and sufficient for the addition of terminal -GalNAc at the cell surface of imaginal cells. Second, chromatography analysis indicated that 4GT1 is both necessary and sufficient for the biosynthesis of the N5 GSL from its N4 precursor. Third, suppression of the partial loss of function mib1 phenotype by 4GT1 required the activity of the glycosyltransferases Egh and Brn. Because extension of the Man1-4Glc1-Cer core by Egh and Brn produces a terminal lacdiNAc that, despite intensive analyses of glycoproteins (North et al., 2006) , has only been found on GSLs (Seppo et al., 2000) , we conclude that synthesis of N5 from its precursor N4 underlies the suppression of the mib1-dependent defects by 4GT1.
The in vivo functions of GSLs are not well understood (Degroote et al., 2004; Sillence, 2007) . Several studies indicate that GSLs play a role in modulating the signaling activity of cell surface receptors. For instance, GSLs have been shown to negatively regulate the signaling activity of the EGF receptor (EGFR), and this negative regulation appears to involve a direct interaction between the EGFR and a specific GSL, GM3 (Yoon et al., 2006) . Specific GSLs have also been implicated in caveolar endocytosis and 1-integrin signaling (Sharma et al., -288] WA similarly interacted with PE and neutral lipids prepared from egh mutant larvae. This indicates that the N-terminal part of Ser interacts in a GBM-independent manner with lipid monolayers in this assay. In contrast, Ser[1-288] interacted more strongly than Ser WA with total GSLs extracted from wild-type, 4GT1 4GT2 double-mutant, and tub-GAL4 UAS-4GT1 larvae, indicating that the N-terminal part of Ser interacts in a GBM-dependent manner with GLSs. Moreover, a stronger and GBM-dependent interaction correlated with high levels of N5 (and low levels of N4) in overexpressed 4GT1 larvae. Error bars indicate SD (n = 3 experiments). Mib1 inhibition rescued by specific GSLs • Hamel et al.
Materials and methods
Flies
The GS2078 line was generated by the Drosophila Gene Search Project (http://gsdb.biol.metro-u.ac.jp/~dclust/index.html). We identified this Gene Search line in a screen for suppression of the wing phenotype induced by the expression of Mib1 C1205S in Ser-GAL4 tub-GAL80 ts UAS-mib1 C1205S flies. The Ser-GAL4 tub-GAL80 ts and pnr-GAL4 tub-GAL80 ts chrosomomes were obtained by recombining previously described transgenes and enhancer trap insertions (http://flybase.org/). UAS-mib1 C1205S flies were described previously . All crosses involving Ser-GAL4 tub-GAL80 ts and pnr-GAL4 tub-GAL80 ts were at 25°C, and the progeny was transfered at 28°C at the first/second instar larval stage to allow for postembryonic GAL4-dependent expression.
The Df(2L)7819 deletion was generated by FLP/FRT recombination as described previously (http://www.drosdel.org.uk/ddelements.html; Golic and Golic, 1996) . It deletes the 23,984 nucleotide located between the P-elements 5HA-2924 and CB-5583-3. The structure of Df(2L)7819 was verified by PCR amplification of the recombined P-element. The 4GT1 1 allele was generated by imprecise excision of the 5HA-2924 P-element. The breakpoints of the small deletion associated with this allele were determined by sequencing a PCR fragment amplified from genomic DNA prepared from 4GT1 1 /Df(2L)7819 flies. The 4GT1 2 allele was selected by the Drosophila Tilling project (Cooper et al., 2008) , and the molecular lesion was verified by sequencing. The EP797 line was obtained from the Szeged Stock Center. The 4GT2
1 allele was present in the strain sequenced by the Drosophila Genome Project. The presence of the roo element was verified by genomic PCR experiments. mib1 mutant allleles were described previously (Le . The mib1 2 /mib1 3 is a null trans-heterozygous combination, whereas the mib1 3 /mib1 4 represents a hypomorphic combination. The UAS-mib1
RNAi was obtained from the Vienna Drosophila RNAi Center (line ID27525). The UAS-neur RNAi line was obtained from R. Ueda (National Institute of Genetics, Mishima, Japan; http://www.shigen.nig.ac.jp/fly/ nigfly/index.jsp). The egh 62D18 and brn I.6P6 mutations were described previously (Goode et al., 1996; Wandall et al., 2003) . All other mutations and fly stocks used in this study are described in FlyBase (http://flybase .org/).
The following transgenes were produced in this study: UAS-4GT1, UAS-4GT2, UAS-YFPmib1
C1205S
, and UAS-YFPneur C701S (cloning details for these constructs are available upon request). Transgenic flies were generated via standard P-element transformation.
Mitotic clones were induced in first and second instar larvae using a 45-min heat shock at 36.5°C. ;; FRT82B/tub-Gal80 FRT82B larvae. 4GT1 clones were generated in hs-flp tub-Gal4 UAS-GFP;; FRT40A Df(2L)7819/tub-Gal80 FRT40A larvae. 4GT1 overexpression clones were generated in hs-flp; tub-Gal4 UAS-mCD8-GFP/GS2078; FRT82B/tub-Gal80 FRT82B.
Immunostainings and endocytosis assays Dissection and antibody staining were performed using standard procedures. The following antibodies were used: mouse anti-Cut (2B10 ascite; 1:500; Developmental Studies Hybridoma Bank [DSHB]), rat anti-Ser (1:1,000; provided by K. Irvine, Rutgers University, Piscataway, NJ; Papayannopoulos et al., 1998) , mouse anti-Dl (C594.9B; 1:1,000; DSHB; Kooh et al., 1993) , mouse anti-Notch (C458.2H; 1:1,000; DSHB; Fehon et al., 1991) , rabbit anti-Patj (1:500; provided by K. Choi, Baylor College, Houston, TX; Bhat et al., 1999) , rat anti-E-Cad2 (1:500; DSHB; Oda et al., 1994) , rat anti-Crumbs (1:1,000; provided by U. Tepass, Toronto University, Toronto, Ontario, Canada; Tepass and Knust, 1993) , guinea pig antiSenseless (1:2,000; provided by H. Bellen, Baylor College; Nolo et al., 2000) , and rabbit anti-Mib1 (1:200; Le . Anti-Ser, -Dl, and -N antibodies recognized extracellular epitopes. All secondary antibodies were Cy2-, Cy3-, and Cy5-coupled antibodies obtained from Jackson ImmunoResearch Laboratories, Inc.
Surface staining experiments were performed at 4°C. Third instar larvae wing discs were dissected at 4°C in Schneider (S2) medium and incubated for 2 h at 4°C with anti-Dl (C594.9B concentrate; 1:50; DSHB) and anti-Ser (1:50; provided by K. Irvine) in S2 medium. Discs were rinsed four times for 5 min at 4°C with S2 medium and fixed for 30 min at 4°C Mib1 activity. In several experimental situations, i.e., inhibition of Mib1 by dominant-negative Mib1 in wing imaginal cells, inhibition of Neur in notum cells by Tom or dominantnegative Neur, partial loss of neur activity in notum cells using RNAi, we observed that 4GT1 expression restored normal levels of Dl endocytosis. Therefore, we propose that high levels of N5 positively regulate the endocytosis of Dl. However, this role of N5 has so far only been observed in sensitized contexts in which Dl endocytosis is inhibited. In particular, no increase in neur-dependent endocytosis of Dl was seen in SOPs overexpressing 4GT1. The restoration of proper Ser localization by 4GT1 in cells with reduced mib1 activity very likely reflects a similar role of N5 on the endocytosis of Ser. The role proposed in this study for GSLs in Notch ligand endocytosis is entirely consistent with the nonautonomy observed for bre-5 in C. elegans (Katic et al., 2005) . It is also consistent with the localization of mammalian Dl-like 1 in detergentresistant membranes that are enriched in cholesterol and sphingolipids (Heuss et al., 2008) .
This in turn raises the question of how GSLs influence the endocytosis of Dl and Ser. A first possibility is that high levels of N5 GSLs have a general effect on endocytosis. However, this view is not supported by our observation that the uptake of FM4-64 did not appear significantly changed upon 4GT1 overexpression. A second possibility is that 4GT1 expression indirectly results in increased enzymatic activity of the E3 ubiquitin ligases Neur and Mib1. A third possibility is that changes in GSL composition of the plasma membrane modify the distribution and organization of lipids, thereby promoting the organization of specific nanodomains. Accordingly, 4GT1 expression could modify the distribution of specific cargoes, including Dl and Ser, at the plasma membrane. For instance, clustering of Dl and Ser within N5-containing nanodomains might facilitate their endocytosis, thus signaling activity. Consistent with this view, one proposed function of GSLs is to promote endocytosis (Sharma et al., 2004 ). This view is also supported by our identification of a conserved GBM present in both Dl and Ser that interacts in vitro with GSLs. Although the function of this GBM remains to be tested in vivo, we note that four different Alagille syndrome misense mutations in the human Jagged1 gene map to the 10-amino acid sequence of the GBM (Crosnier et al., 1999; Röpke et al., 2003) . Furthermore, the strength of the interaction between Ser and GSLs depends on N4 and/or N5 levels. Specifically, lipid monolayers enriched in N5 appeared to interact in vitro more strongly with the N-terminal extracellular domain of Ser in a GBM-dependent manner. Finally, we speculate that this role of GSLs in endocytosis cannot bypass the strict requirement for ubiquitination of the Notch ligands because expression of 4GT1 did not suppresss the mib1-null phenotype. Whether Dl and Ser interact in vivo with GSLs, either within the same cell or across the intercellular space of neighboring cells, and whether this interaction regulates the endocytosis and activity of Dl and Ser remain to be investigated. In summary, our study uncovers a novel regulatory but nonessential function of GSLs in Drosophila and establishes a new functional link between the E3 ubiquitin ligase-dependent endocytosis of Dl and Ser and specific GSLs. monolayer until equilibrium was reached. The maximal surface pressure increase induced by the peptide (expressed in mN/m) is the difference measured between the initial and maximal surface pressure values. The data were analyzed with the FilmWareX program (version 3.57; Kibron Inc.). The accuracy of the system under our experimental conditions was ±0.25 mN/m for surface pressure.
Online supplemental material
Figs. S1-S3 provide additional data on the phenotypes induced by dominantnegative Mib1
C1205S
. Immunostainings in Fig. S1 reveal that Mib1
does not perturb the distribution of junctional proteins. Clone analysis in Fig. S2 show that the Mib1-dependent defects in Notch localization require Dl and/or Ser. Cell surface stainings in Fig. S3 show that Dl and Ser localize at the surface of Mib1 C1205S -expressing cells. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.200907116/DC1.
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